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ABSTRACT
Precision farming has created a critical need for spatial data on

crop yield and related soil characteristics. However, because data are
not without cost, users need practical guidelines for spatial resolution
on which to collect soil and plant data. Our objectives were (i) to
describe variation observed in crop response in the southeastern
Coastal Plain of the USA, (ii) to compare it with variation in other
regions, and (ill) to offer suggestions for precision farming practices
in the southeastern Coastal Plain. From 1985 to 1995, corn (Zea mays
L.), wheat (Triticum aestivum L.), soybean [Glycine max (L.) Merr.],
and grain sorghum [Sorghum bicolor (L.) Moench] yields were
mapped at from 10- to 20-m resolution in an 8-ha field at Florence,
SC. Also available were topography (30-m resolution), depth to clay
(15 m), and in 1993, plant height on one date (9 m), canopy tempera-
ture on four dates (L5 m), and detailed crop and soil information at
selected sites. Yield of all crops in all years was significantly (P <
0.0007), though not strongly (median r2 = 0.3), correlated with soil
map unit. In 1993, infrared thermometer canopy temperature minus
air temperature (.1TJ was correlated with soil map unit, even on the
second day after a 46-mm rain. Spherical semivariograms fitted to
yields had ranges from 57 to 252 m (median = 79 m) and nugget/sill
ratios from 0.00 to 0.56 (median = 0.32). Semivariograms for canopy
temperature and plant height had ranges from 43 to 77 m. If the
spatial structure for common soil characteristics matches the spatial
structure for crop response, Coastal Plain soils may require study
at finer resolution than the> l00-m grid that is commonly used in
precision farming.

these trends have resulted in a rapidly expanding preci-
sion farming industry.

Production of spatial data is orders of magnitude
greater and with finer resolution than ever before, and
yet these data still do not satisfy industry's needs for
decision making in areas such as pesticide requirements,
target plant populations, or fertilizer recommendations.
Acquiring data in two dimensions quickly forces one to
confront the squared relation between resolution and
cost-<loublitig the linear resolution requires four times
as many samples. Clearly, intensive soil and plant sam-
pling should be made at sufficient resolution to obtain
necessary data, but at no more than is necessary. Newly
emerged indllstries lack the long-term experience to
judge data r~solution needs, meaning that research is
needed to obtain such answers. Because soil resource
variability is a result of complex interactions among
soil parent IIliaterial, climate, and local processes, data
resolutions will likely be specific to regions or smaller
scales. Few guidelines exist to help make these decisions
in the southeastern USA. Our objectives were (i) to
describe varintion observed in crop response in the
southeastern Coastal Plain, (ii) to compare it with varia-
tion in other 'regions, and (iii) to offer suggestions for
precision farming practices in the southeastern Coastal
Plain.

P RECISION FARMING, or site-specific agriculture, arose
from the convergence of several trends in the ag-

ricultural industry. The national soil survey (Soil Survey
Staff, 1992), which documents spatial variation in the
soil resource, is sufficiently complete in important ag-
ricultural areas at a time of growing awareness of vari-
ability at the still smaller intrafield scale. The scale of
interest in soil variability is matched by improvements
in the ability to determine position accurately, using
differential global positioning system (DGPS) receivers.
Specialized controllers for farm equipment have been
developed to alter pesticide and fertilizer application
rates within fields. Using these controllers to fine-tune
chemical inputs to match needs is purported to offer
both economic and environmental rewards. The effect
of soil variation and spatial control of inputs is ultimately
reflected in yields, which are measured with combine-
mounted, on-the-go yield monitors. These provide un-
precedented spatial yield data, requiring modern com-
puter hardware and software for analysis. Collectively,

SPA llAL RESOLUllON REQUIREMENTS
f'OR POINT SAMPLES

Spatial data imply that values depend on position. A
corollary is thfit values near each other are more related
than those farther apart. This relationship becomes
poorer with 4istance until eventually the samples are
independent of one another. The distance at which sam-
ples are no longer related is a useful starting point, but
requires objeCl:tive analysis of spatial data, which is not
well handled by classical statistics. A solution was first
developed in the mining industry, resulting in the field
of geostatistias (Journel and Huijbregts, 1978). These
analytical tools were applied to soil characteristics dur-
ing the 1970s and 1980s, providing an early documenta-
tion of spatiail data needs (Warrick et al., 1986). The
converse of the independence relationship with distance
is redundancy with proximity. Taking data closer to-
gether than n~cessary involves not only direct sampling
costs, but also additional data storage and analysis costs
for little information gain. Thus, the first indication of
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Abbreviations: DAP, days after planting; DGPS, differentially cor-
rected global po$itioning system; illR, time-domain reflectometry;
~T" canopy temperature minus air temperature. For soil series abbre-
viations, see Table 2.
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than is currently used in commercial practice. Grid soil
sampling reported for soil testing services include 101-m
square grids (Macy, 1993; Holmes, 1993) and 101- by
134-m grids (Mann, 1993). This discrepancy is probably
caused by a compromise between desired resolution
and cost.

the resolution required is provided by the characteristics
of the data.

A second indication of the spatial resolution required
is the representation of spatial data in existing databases.
Webster and Oliver (1981) noted that from 25 to 50%
of the variance in fields sized from 10 to 10000 ha may
occur within a few square meters. The question is what
resolution captures the necessary variation? U.S. na-
tional soil survey maps are taken on a 1:12000, 1:15840,
1:20000 (most common), or 1:24000 scale (Mausbach
et al., 1993). This means that the smallest resolvable
detail on the map, say 1 mm, corresponds to a feature
of 12 to 24 m in the field. For practical purposes, the
minimum area of delineation is from 0.8 to 4.0 ha (Maus-
bach et al., 1993). For soils with no sharp changes in
characteristics, such resolution would probably suffice.
For instance, Steinwand et al. (1996) found that the
1:15840 survey was sufficient for their fields in Iowa.
However, the soils at Florence, SC, were mapped on a
1:1200 scale (USDA-SCS, 1986) to accommodate varia-
tion approaching field extremes within 10 m (Sadler et
al., 1995b). Comparison of this 1:1200 map with the
1:20000 Florence County survey map (Pitts, 1974)
shows only a general resemblance. In particular, narrow
bands of low-yielding soils are not represented on the
large-scale map, because they are less than the minimum
size for delineation. Although the spatial extent of these
smaller inclusions is reported in the 1:1200 survey, the
economic effect of the variable yields caused by small
inclusions on the field-scale harvest has yet to be found.
Detailed surveys published for site-specific manage-
ment studies include 1:600 (Wibawa et al., 1993), 1:1200
(Sadler et al., 1995b), and 1:3305 (Steinwand et al.,
1996).

A third indication of the spatial resolution required
can be found from research and management practices
in other regions. As grids become larger, the resolution
of the data eventually becomes too coarse. Warrick et
al. (1986) showed that the point at which this occurs
depends both on the data being obtained and on the
scale of the area of interest. Therefore, the remainder
of this literature review includes only field-size areas
(20-80 ha). Wollenhaupt et al. (1994) examined grid
sizes from 32 to 97 m and concluded that the 97 -m grid
soil sampling interval was the maximum allowable for
precision farming purposes. Mulla and Hammond
(1988) sampled soils on 30-, 61-, and 122-m intervals
and concluded that the last was too coarse for soil test
maps in precision farming. Franzen and Peck (1993)
found 30-m grids to be the maximum spacing for accu-
rate application of fertilizer in precision farming. Simi-
larly, Hergert et al. (1995) concluded that 61- to 91-m
grids were the maximum spacing appropriate for Ne-
braska conditions. However, Thompson (1994) found
that 61- by 61-m grid sampling did not provide sufficient
resolution to optimize variable-rate N application. In
the finest resolution located for this review, Wibawa et
al. (1993) found that a 15-m grid sampling provided
better data than a 1:600-scale soils map. Each of these
studies has concluded that a finer resolution is needed
to characterize spatial variation for precision farming

SPATIAL RESOLUTION CAPABILITIES
Real-Time Sensors

Sampling costs for point measurements, such as ad-
dressed above, usually dominate the considerations for
choice of resolution. However, the cost structure for
data obtained by on-the-go sensors is completely differ-
ent. Here, a sensor typically is mounted on a mobile
platform, such as a tractor or all-terrain vehicle that is
moving through a field. Thus, spatial resolution in the
longitudinal direction depends on the speed of the plat-
form and the response time of the sensor. Spacing of
the paths through the field determines lateral resolution
and can be manipulated to affect overall spatial resolu-
tion (except for cases such as discussed below).

One on-the-go sensor that must operate at a speed
and spacing controlled by factors other than its own
characteristics is the combine-mounted yield monitor.
It was created specifically to fit existing machinery, with
an inherent range of operating speeds and machine
widths. The width of the header may be the limiting
factor for spatial resolution. Overall, it would be difficult
to claim that accuracy in the forward direction must be
much greater than some fraction (say, one-half) of the
header width. The same could be said to hold for posi-
tion determination; header width and errors in delay
time through the machine may exceed errors in DGPS
location (Lamb et al., 1995).

Photography and Remote Sensing
A final category of sensed information is inherently

spatial in nature-data acquired essentially simultane-
ously over a two-dimensional space. Such methods in-
clude aerial photography and various spectral scanning
devices mounted on aircraft or satellites. Platform
height and equipment resolution dominate spatial reso-
lution capabilities. For the spatial resolutions typically
reported in precision farming literature (10-100 m), it
appears that satellite data would be of limited use-
fulness, although plans for higher-resolution satellites
exist. Aircraft platforms would be suitable, were they
commonly available, because the capabilities of the
equipment could be matched by adjusting altitude, again
controlling resolution. Another consideration, impor-
tant because of the dynamic nature of the data obtained,
is temporal resolution. O:>sts to put a platform in place
are not trivial, and scheduling of data acquisition is
rarely left to the farm manager. Weather conditions
and equipment problems may impair data acquisition,
causing important temporal information to be lost.

V ariable- Rate Equipment
Yet a third indication of the resolution with which

spatial data must be taken is the resolution capability
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in precision farming may need even finer spatial reso-
lution.

yield data as well). The ranges for plant height on 7
June (59 DAP) and depth to clay are comparable to
the ranges for I1Tc, which is consistent with expected
relationships among these parameters.

An early objective of this work was to use depth to
clay as a covariate for cokriging yield, because depth
to clay is the primary physical characteristic used to
discriminate among many similar soil map units. Given
the greater intensity of the depth-to-clay dataset, we
proposed that cokriging would decrease the estimation
variance of the interpolated yield output. After the cor-
respondence between the 209 yield plots and depth to
clay was developed (data not shown), it was found that
the variance in both yield and depth to clay resulted in a
cross-semivariance that was not well suited to cokriging.
Deleting the half of the points in the semivariogram
that had fewer pairs resulted in a cross-semivariance
that would operate in GEOP ACK, but the resulting
interpolated yield was little different from the simple
kriged yield, and the estimation variance was actually
higher (data not shown). This is consistent with Yates
and Warrick's (1987) observation that the covariates
need to be reasonably well correlated in order to im-
prove the estimate. The difference between canopy and
air temperature (I1TJ, though intensively sampled in
one direction, was sparsely sampled in the other (just
eight transects), and too few data pairs resulted for
successful cokriging. The quality of the semivariograms
suggests that remotely sensed temperature data, with
its better spatial coverage, may be of some value for co-
kriging.

SUMMARY AND CONCLUSIONS
As a result of analyses of long-term spatial yield and

of intensive drought-year measurements, the following
conclusions and recommendations can be made. First,
field crop yields in the southeastern Coastal Plain of
the USA were significantly related to soil map unit at
the 1:1200 scale, but the relationship was too weak to
be of more than limited predictive value for precision
farming. The significant relationship between dTc and
soil map unit on all four sampling dates implies that
water stress was caused by differences in soils. We con-
clude that remotely sensed canopy temperature (proba-
bly from an aircraft platform, to avoid clouds) could be
a useful tool to detect water stress for precision farming.

Yield measurements showed that quantitatively im-
portant yield differences may occur in distances as short
as 10 m. Such differences in plant uptake and residue
mean that adapting fertility and other practices would
require collateral soil test measurements at much finer
resolution in the southeastern Coastal Plain than cur-
rently practiced elsewhere. Thus, grid-based sampling
to capture all meaningful variation may be prohibitively
expensive. Alternative sampling schemes are necessary,
perhaps using soil mapping, yield mapping, or aerial
photography to indicate areas needing characterization.
Similar and more extreme short-range differences in
canopy temperature suggest that irrigation management
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